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Abstract

Two different approaches to calculate the fusion rules of the ¢, ; series of loga-
rithmic conformal field theories are discussed. Both are based on the modular
transformation properties of a basis of chiral vacuum torus amplitudes, which
contains the characters of the irreducible representations.

One of these is an extension, which we develop here for a non-semisimple
generalisation of the Verlinde formula introduced by Fuchs et al., to include
fusion products with indecomposable representations. The other uses the Ver-
linde formula in its usual form and gets the fusion coefficients in the limit, in
which the basis of torus amplitudes degenerates to the linear dependent set of
characters of irreducible and indecomposable representations. We discuss the
effects, which this linear dependence has on any result for fusion rules, which
are calculated from these character’s modular transformation properties.

We show that the two presented methods are equivalent. Furthermore we
calculate explicit BPZ-like expressions for the resulting fusion rules for all p
larger than 2.
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1. INTRODUCTION

The connection between the modular transformation properties of the characters in rational
conformal field theories (RCFTs) and the fusion algebra of their chiral symmetry algebra is one of
the keystones, which have led to our deep mathematical understanding of these compared to other
non-trivial quantum field theories. Since its eponymous proposal in 1988 by E. Verlinde [Ver88]
the Verlinde-formula provided an enormous simplification to the calculation of the fusion rules.
Its proof, however, was first found in the version, in which it is known in algebraic geometry, by
Faltings in 1994 [Fal94]. Here it calculates the dimension of the space of holomorphic sections of
certain line bundles over a given moduli space.

The rigorous connection between these two fields is developed in a research program describing
the vertex operator algebras associated with these models by Huang, Lepowsky and others. In
this context a proof for the Verlinde formula was finished only recently — via [Hua05a] — in [Hua04]
(also cf. [Hua05b]).

In this paper we will investigate the fusion rules of the ¢, 1 models, which saw the light of day
in a series of papers starting with Gurarie’s [Gur93] giving the c¢z1 = —2 model as the simplest
example for logarithmic conformal field theories. The latter were proposed by Saleur in [Sal92]
for the description of two-dimensional polymers. Since then much work has been done to develop
these models at first especially for ¢ = —2 (e.g. [GK96b, Kau95, Kau00]), but also for general
p (e.g. [GK96a, Flo96, Flo97]), as reviewed also in [Flo03, Gab03]. Recently some results yet
only existing for ¢ = —2 could be generalised to all p > 2, as in [CF06] or [FGKO07]. Also the
study of the vertex operator algebras relevant for these models has advanced remarkably lately
(cf. [AMOT]). Feigin et al. have investigated the connections of such ¢,1 models to quantum
groups via a Kazhdan-Lusztig Correspondence (cf. [FGST06a, FGST06b]).

The ¢,1 models are also well known to be rational in the weak sense, that their primary fields fall
into finitely many blocks with respect to an extended symmetry algebra. They are found to be
governed by extensions of the Virasoro algebra at ¢ = ¢, 1 by triplets of fields with integer con-
formal weight (cf. [Kau91]), the triplet W-algebras W(2, (2p — 1)®3), which are their maximally
extended local chiral symmetry algebras. However, these algebras have reducible but indecompos-
able representations, which we from now on just call indecomposable representations in contrast
to the irreducible ones. So these models are logarithmic conformal field theories (LCFTs) and
have a non-semisimple representation category of their vertex algebra. They are not subject to
the mentioned proof of the Verlinde formula, for which the conformal field theories has to be
rational in the strong sense, where the semisimplicity of the representation category is required.
We will refer to this definition of rationality, when we talk about RCFTs.

The fusion product representations are defined by the action of the modes of the meromorphic
fields on the product of fields given by a comultiplication formula as reviewed in [Gab00] (also
cf. [MS89, Gab94a, Gab94b]). For the ¢, 1 models one needs the fusion rules of all possible pairs
of indecomposable and irreducible representations of either the Virasoro algebra or the triplet
W-algebra. For the Virasoro algebra these are infinitely many fusion products, which have been
calculated for the cases of p = 2, p = 3 and partially for higher p by Gaberdiel and Kausch in
[GK96a]. But they all to decompose into finitely many terms. Many fusion products of two irre-
ducible representations decompose into indecomposable representations. Gaberdiel and Kausch’s
calculation for the triplet algebra for p = 2 presented in [GK96b] has proven that the ¢ = —2
model is rational in the slightly stronger sense compared to the mentioned weak sense, in which
the fusion products are also required to decompose into finitely many direct summands. Further-
more fusion rules for other logarithmic conformal field theories have been calculated in [EF06]
and for logarithmic minimal lattice models in [PRZ06, PRO7].

More parallels to RCFTs have been found: The partition functions of the ¢, 1 models could be
calculated in terms of the characters of irreducible representations and further forms associated
to indecomposable ones (cf. [Flo96, Flo97]). The latter are not their characters, as these char-
acters are linearly dependent with the ones of the irreducible representations. This is also the
major problem, when one tries to calculate a S-matrix to appear in the Verlinde formula. In
the RCFT case it gives the transformation of the characters of irreducible representations under
one of the generators of the modular group SL(2,Z), 7 — —1/7, which we call S (and the other
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generator 7). The characters are also referred to as the canonical basis of the vacuum torus
amplitudes. For the c,; models we do not have this canonical basis to calculate the S-matrix,
as the indecomposable representation have to be taken care of. But in [Flo97] the forms already
representing the indecomposable representations in the partition function are used just for this
purpose. These forms depend on a parameter, which we call o throughout this paper, and become
the characters of indecomposable representations in the limit & — 0. An adaption of the Verlinde
formula is found there, in which this limit has to be taken: the limit-Verlinde formula. It gives the
correct fusion rules, as far as they are known from [GK96a, GK96b], after a manual replacement
of combinations of irreducible representation by indecomposable representations, which can not
be distinguished by methods based on the modular transformation properties of characters.

In [FGO6] it has been shown for the case p = 2, that the set of forms used to calculate the
S-matrix here also is a basis of the chiral vacuum torus amplitudes. Also strong arguments are
presented there in favour of this to be true for all values of p. Furthermore the Co-cofiniteness
of the corresponding conformal vertex algebras has been shown first for p = 2 (cf. [Abe05]) and
then in general (cf. [CF06]). This is part of the definition of a rational conformal vertex algebra
as given in [Fuc06].

This latter paper details the argumentation leading to an alternative ”generalised” Verlinde for-
mula for the ¢, models for fusion products of two irreducible representations, which has been
presented by Fuchs et al. in [FHST04]. While in the case of RCFTs the matrices N containing the
fusion coefficients are diagonalised simultaneously by the S-matrix, they are block diagonalised
simultaneously here by the S-matrix of this method, which is found by the construction of an
SL(2,7Z) representation with the help of an automorphy factor. The result is a fusion algebra,
which is closed within the irreducible representations. This fusion algebra again only corresponds
to the results of Gaberdiel and Kausch through the same replacements as for the limit-Verlinde
formula.

In section 2 the previous work on the limit-Verlinde formula will be reviewed and complemented.
Especially the arguments for the needed manual replacements are detailed in section 2 and the
explicit form of the S-matrix used in this Verlinde formula is given for general p. In the appendix
we further supplement our discussion. Appendix A makes clear that the choice, which one has
on the forms representing the indecomposable representations, has no influence on the results of
this method whatsoever. Appendix B explicitly gives the fusion rules for p = 2 and p = 3 before
and after the replacements. This is complemented by a demonstration through a few examples,
how these replacements come about, in appendix B.1.

In section 3 we develop an extension of Fuchs et al.’s work yielding a block diagonalisation
method, which also incorporates the indecomposable representations. The correct extension of
the S-matrix simultaneously block diagonalising the — now also larger — fusion coefficient matrices
for both irreducible and indecomposable representations is found in a few steps starting from the
mentioned automorphy factor. We also use the known fusion rules for p = 2 to accomplish this,
as it is detailed in appendix C.

In section 4 we proof that this extended block diagonalisation method reduces to its archetype
by simply projecting on the components associated to the irreducible representations.

In section 5 we show that our extended block diagonalisation method gives the same results as the
limit-Verlinde formula for all p > 2, which amounts to equivalence of both approaches. Together
with section 4 we thus find that all three methods — the small and extended block diagonalisa-
tion method and the limit-Verlinde formula — compute the same fusion rules for products of two
irreducible representations.

Finally in section 6 we proof explicit expressions for the decompositions of the fusion products
for general p in BPZ-like form following from our ”generalised” Verlinde-formulas. Indeed, the
fusion rules have the usual form for CFTs, as it was already seen in the paper [BPZ84] of Belavin
and Polyakov and Zamolodchikov, which has laid the headstone of the whole field of conformal
field theories. We also apply the replacement rules we have found to these expressions and find
for the products of irreducible representations the formula proposed by Gaberdiel and Kausch in
[GK96a).

More details on this work can be found in the diploma thesis of HK [Knu06].
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2. THE LIMIT-VERLINDE FORMULA

The proposal for calculating the fusion rules given as ”case III” in earlier work of MF ([Flo97])
is reviewed and supplemented in this section. As we already mentioned in the introduction, it
is based on a S-matrix calculated from a set of forms consisting of the characters of irreducible
representations of the triplet W-algebra, W(2, (2p — 1)®3), and further (p — 1) forms, which
depend on a parameter o and with which the set closes under modular transformations v €
SL(2,Z). In the limit & — 0 it becomes the linear dependent set of characters of irreducible and
indecomposable representations. It is a basis of chiral vacuum torus amplitudes (cf. [FGO06]). Its
specific choice, which we will use in this section, is detailed in appendix A. We also discuss there
that the freedom of choice, which we have for the mentioned additional forms, has no influence
on the outcome for the fusion rules. We will refer to this set as our chosen basis of vacuum torus
amplitudes. Our goal is to calculate the S-matrix, S, o, which gives the transformation 7 — —1/7
of the elements of this basis, defined by

(21) %(@) (~2) = Spax(a))

T

Here the components of the vector x,(a) are the chosen basis elements. S, , will then be used in
an adapted Verlinde formula to calculate the fusion coefficients.

We label the irreducible and indecomposable representations of W(2, (2p—1)®3) by the conformal
weights of their highest weight states given in square brackets. These weights are given by the
Kac formula for conformal weights of primary fields in minimal models, which also gives the ones
of the ¢, 1 models in an extended Kac table h, , with 0 < r < 3 and 0 < s < 3p. With the second
line of the Kac table being redundant to the first we label the irreducible representations by [h1 ]
with 0 < o < p or 2p < 0 < 3p and the indecomposable representations [hlyo} with p < o < 2p,

where the tilde marks their reducibility. We select a sequence of elements of our basis of vacuum
torus amplitudes defining the vector

(2.2) Xp(@) = (XGpr Xppr X1 X1 Xp—10(Q)s X0 Xy 2> Xp—2.p(0) - - -

XIp? X]_jp? Xl,p(a))

For the characters, xT, x~, this corresponds to the sequence chosen in [FHSTO04]. They are linear
combinations of Riemann-Jacobi ©-functions, ©) ,, and affine ©-functions, (00), p, divided by the
Dedekind n-functions, except for the two projective irreducible modules, which are proportional to
a Riemann-Jacobi ©-functions divided by the Dedekind n-functions (cf. [Flo97]). The additional
(p — 1) chiral vacuum torus amplitudes, x(«), contain each one of the forms

. 1
(VO)rp =i7(00)\ 1 = Py log(q)(0©) k

instead of the affine ©-function.
With the vector

1
6;, = p (@op, O1p,---0pp, (00)1 5, (00)2p, ... (00)p—1p,

_(VG)va _(VG)ZW R _(Vg)p—11p>

we can express the vector x, () by the multiplication of the matrix B of coefficients in the linear
combinations and the vector of ©-functions:

(2.3) Xxp(a) = BO,
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The matrix B has only few non-zero components:

(2.4) Bip=1,
S
B3 —s = T
s,p—s D
p—S
B3s+1,p—s = )
p

BSerQ,pfs = 2,

B2,p = 1)
1
BSS,Qp—s—i—l =
p
1
B3si12p-st1 = ——
2p—s+1 ’
p

B3s+2,2p+s =i

for 0 < s < p. The last line encodes the choice for the forms x(«) discussed in appendix A.
The modular transformation properties of the ©-functions are known and the transformation
T — —1/7 of the vector ©, is given by the matrix & defined by

0, (1) = &8y(7)

This matrix has three non-zero blocks with the components

1 2 m(z—1)(7—1 .
1+6j,1+5j7p+1\/;cos< ( Z)?( )> vo<hisp+l,
Sprr)(pti+1) = i\/jsm (Wkl>
p p
S(prnt1)(@2ptm) = —i\/gsin <7rnm>
p p

Gi]‘ =

VO<k,l<p,

— VOo<n,m<p.

So finally together with equations (2.3) and (2.1) the S-matrix, S, 4, is equal to the matrix product
BGB~!. This leads to a block structure with one 2 x 2 block, S(p)o 0, and each (p —1) 2 x 3 and
3 x 2 blocks, S(p)o,; and S(p)s,0, respectively. These blocks do not depend on a. The rest of the
matrix is filled with 3 x 3 blocks S(p, @)s;. The indices s and [ always take values between 1 and
p — 1, inclusively, and p > 2. We get:

S(p)oo S(poa S(p)op-1
S(p)io  Slp.a)i S(p,a)1p-1
(2'5) yZ1es = . : N
S(P)p—l,o S(pa O‘)pfl,l S(p, O‘)pfl,pfl
with
1 1 1
S(p)O,O = \/72>p (1 (1)1)) )
2 1 1 0
S(p)o,l = \/72>p ((1)p—l (71)p—l 0) 9
S (_1)p+s§
S(p) 0 = 71 Zé (_1)p+sé
s, - 2 P P 9
R W T T P
S(pa)sr = —(—1PHH x
V2p
%csl + %éﬁsl %Csl + %é5sl _I%ESZ
%csl - %éssl %csl - %é5sl 1%5#
2 —a(p— s 2cq + alsg 0

with the abbreviations ¢y = cos (7‘(%) and sg = sin (7‘(%).

This matrix fulfils S,,? = 1, but is not symmetric. For o — 0 the forms X, ,(a) pass into
the characters of the indecomposable representations. So they are linearly dependent with the
characters of the irreducible representations in this limit. Consequently some of the entries of
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Sp,a diverge in this case.
For completeness the matrix T, , for the transformation 7 — 7 + 1 is given here. It is defined as

(2.6) Xp(Q)(T +1) = Tpaxp(@)(7)

and is calculated to be

p—1
Toalr) = T(P)oo® TP, )ss ,
s=1

e 112 0
T(p)O,O = ( 0 e_iﬁ(g_llz)> )

with

—m(@—S)Q—i)

ts=e o)

The matrices S, , and T, describe the action of the generators & and 7 of the modular group
SL(2,Z) on xp(a)(T). So with equations (2.1) and (2.6) any element v € SL(2,Z) can be
represented as a matrix G, o(7y), which is a product only containing copies of S, o and T, 4, such
that

(2.7) Xp(@) (7) = Gpa(7)Xp(a)(T)

As the action of SL(2,7) on functions on C is linear!

SL(2,7), that

(2'8) Gp,a ('77/) =Gpa (V)Gp,a (’7,>

It follows that S, , and Tp, generate a representation of SL(2,Z), namely G, (7), for a fixed
a # 0. We can also immediately see that like the generators of SL(2,Z) also S, , and T, , have
to fulfil the conditions SWX2 = 1 and (Sp7an7a)3 = 1. As an easy check one can calculate these
products for any p, which we did for up to p = 6.

The matrix S, , is now plugged into the Verlinde formula as known for rational conformal field
theories. This, of course, leads to an object Nijk (a), which depends on «. But here the limit of
a — 0 exists, as we will proof for all p along with our outcome of the comparison of this approach
with the block diagonalisation method in section 5. We define the coefficients Nijk to be exactly
this limit and get the limit-Verlinde formula:

, we directly have for two elements v, €

3p k
: : (s ,a) 7 (S ,a)ir(s ,a)T
(2.9) N;;* = oléli% N;;*(a) = lim < g e 4

a—0 (Sp.a)a,r

Note that the third component of the vector x,(«)(7) is the character of the vacuum representa-
tion. In contrast to the semisimple case of RCFTs with symmetric S-matrix, the indices of S, , in
the Verlinde formula have to be kept as in this formula. Especially the third line of S, , — rather
than the column — has to be taken for the denominator of the a-Verlinde formula. This is due to
a convention of left-multiplication of S, , with x,(a)(7) in eq. (2.1), which we have chosen quite
naturally.

At first sight the results for Nijk for p = 2 and p = 3, which are given in the appendix in tables
1 and 3, differ quite much from the fusion coefficients calculated in [GK96b] and [GK96a]. How-
ever, we have to note that any fusion rules we get using eq. (2.9) by itself, can only be taken as
true on the level of characters, not representations, because the calculation is based only on the
modular transformation properties of the characters. Here we have the problem, that, as soon
as we take the limit & — 0, the functions X ,(a) become the characters of the indecomposable
representations, which are a linear combination of characters of irreducible representations. To

r=1

1The action of SL(2,Z) on a function f: C — C shall be defined as the composition f o~y with v € SL(2,Z).
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be precise the relation between the characters of the irreducible representations, X;\r v and Xy »
and those of the indecomposable representations, Xz\zp, is

2
+ - _ R
(2.10) 2X3, +2X5, = %@A,p = Xxp

for 0 < A < p.

So the method presented here can not distinguish the indecomposable representation from these
linear combination of irreducible representations in the decomposition of the fusion product in
the first place.

Indeed, for many fusion products there are components N,-jk corresponding to these linear com-
binations, while in [GK96b] and [GK96a] the corresponding indecomposable representation have
been found to be the correct result.

There is another problem that occurs in fusion products of indecomposable representations with
some other representation: For one and the same fusion product Nijk encodes both the lin-
ear combinations mentioned above and the corresponding indecomposable representations, which
then have a negative integer coefficients. These problems are illustrated in the case of p = 3 in
appendix B.1.

Without clear rules for these replacements the value of the results would be lost. Fortunately
the triplet algebra, W(2, (2p — 1)®3, has a rescaled su(2) subalgebra, which is formed by the zero
modes of the fields W (%) extending the Virasoro algebra to W(2, (2p — 1)®3. We know that fusion
products of irreducible representations can only decompose into irreducible representations, which
have the correct su(2) quantum number j with respect to this subalgebra and any indecomposable
representations, because they have no unique su(2) quantum numbers.

This rules out all the combinations of both singlets and doublets, with respect to j, in the de-
composition. The two irreducible representations having the characters on the left hand side of
equation (2.10), which gives our ”translation” to the correct fusion rules, are exactly a singlet and
a doublet and thus forbidden. This justifies the permanent replacement in all fusion products of
two irreducible representations, in which the mentioned combinations appear.

The products with indecomposable representations are a bigger problem because the argument
of su(2) quantum numbers can not be applied, when the representation does not have unique
quantum numbers. Here a practical argument is given by the negative coefficients. These should
be mended, which seems to be possible for all p as well.

There are quite a few fusion products still left out, in which a replacement should be made, but
where we have no argument except the result. For example, for p = 3 there are 7 fusion products
of this kind left (cf. table 3 in app. B). But there is also no argument, why exactly these should
be exceptions.

All in all we can surely say that the following rules are well-founded. There are no indications of
deviations whatsoever:

e Replace the left hand side of the following ”equation” by the indecomposable representa-
tion on the right hand side, whenever it appears:

(2.11) 2 [h1pn] + 2 [h1spn] = [hl,pﬂ] A=1...p—1

e If two coefficients appear now for the same indecomposable representation in one fusion
rule, add them.

If there is a negative coefficient of an indecomposable representation in the decomposition of the
fusion product, it has to be compensated by a higher positive multiplicity from the first rule to
make sense. We checked this up to p = 6.

Finally the following conjecture summarises this method.

Conjecture: The structure constants, Mjk, of the fusion algebra of the c, 1 series are calculated
by equation (2.9) for alli=1...(3p—1) and

o forall (j,k) € {1,2} x{1,...,3p—1} and all (j, k) € {3,...,3p—1} x{1,2} as Nj;* = N;;*
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o forall (j,k) € {3,3p—1} x{ke{3,...,3p—1}|k mod 3=0} and k =k,(k+1) as

. k k
s 0 Zf Nij = Nij( +1)
N

K )
i else

Mj(k+2) —

Nij(kJrQ) else

Here we have stated the proposed connection between the fusion coefficients Mjk and the pre-
fusion coefficients Nl-jl’C , which enables us to compute the former for any p with little expenses.
However, the limit in this procedure makes it hard to understand the cause, why this leads to the
correct result. The situation looks surely a bit better after the work in [FG06] gave us the new
perspective on the functions x (o) as chiral vacuum torus amplitudes. But still one advantage
of a different method, which we will discuss in the next section, is the absence of such a limit.
As mentioned above the ambiguities about the indecomposable representations are generic for
methods based on modular transformation properties of characters. So there is virtually no hope
to find a method using some kind of Verlinde formula, which does not exhibit them. But this
is something we gladly cope with, as the limit-Verlinde formula reduces the amount of needed
calculation to get the fusion rules for any particular p enormously.

3. BLOCK DIAGONALISATION OF THE FUSION RULES

In this section we present an extension of the approach of Fuchs et al., first published in
[FHST04], now including the indecomposable representations as well. First we want to mention
a few key features already in the beginning. A limit like in the last section does not appear. This
method is motivated by the statement that any non-semisimple, finitely generated, associative and
commutative algebra, like the fusion algebra we look for here, is the direct sum of its radical and
some semisimple algebra. As the key consequence a matrix P, is found, which simultaneously block
diagonalises the matrices INVp 1 of pre-fusion coefficients in contrast to the case of RCFTs, where
the fusion algebra of the Virasoro irreducible modules is semisimple and the S-matrix diagonalises
the fusion coefficient matrices Ny simultaneously. We first find out, how the simultaneous block
diagonalisation comes about and see that the matrix P, is a matrix consisting of simultaneous
eigenvectors of the matrices N, ;. Afterwards we find a S-matrix S, and the extension of all other
matrices appearing in the original block diagonalisation approach in [FHST04]. While large parts
of the argumentation in that paper were in a general setting for non-semisimple fusion algebras,
we will restrict ourselves here to the case of the ¢, ; models using the same notation.

3.1. Simultaneous Eigen Decomposition of the Fusion Coefficient Matrices. This sub-
section follows the argumentation of its archetype by Fuchs et al. ([FHSTO04]) quite closely.
We want to block diagonalise the matrices of pre-fusion coefficients for the full pre-fusion algebra
including indecomposable representations simultaneously. This pre-fusion algebra is defined in
the familiar way:

3p—1
(3.1) X/ X;=> (N Xk .

K=1
The basis X is now larger than in [FHST04] and also contains the indecomposable representations.
Its sequence is chosen to be the same as the one of the vector x,(a) (eq. (2.2)).
We now change the basis in view of the direct sum of a semisimple algebra and a radical, which is
equal to the pre-fusion algebra. The new one consists of the union of a set of primitive idempotents,
eqa with A =1...p+ 1, in the semisimple algebra and a basis of the radical, wy and w'y with
A =3...p+ 1. All the primitive idempotents e4 form a partition of the unit element of the
semisimple algebra (and also the whole pre-fusion algebra):

(3.2) dea=1,
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Each pair wa and w/y corresponds to an idempotent, e4, with an image of dimension 3. There
are two further primitive idempotents in the new basis with a one dimensional image (A = 1,2).
The new basis, called Y, is taken in the following order:

/ / /
Y = (617 €2, €3, W3, W3, €4, W4, Wy, . .., ep+17wp+17wp+1) .

The idempotents of the semisimple algebra and the basis of the radical relate to each other by

(3.3) eaep = daBep,
(3.4) eawe = dacwe,
(3.5) AW = 0AcWe
(3.6) wecwp = 0,

(3.7) wewp = 0,

(3.8) wewp = 0

with0 < A, B<p+1,3<C,D <p+1 and é being the Kronecker delta.
The change of basis is given by P, defined by

3p—1

(3.9) Xp = Z (P)L”Yy .
J=1

We will see in the following proposition and its proof that this matrix is the essential entity to be
calculated, as the pre-fusion coefficients can be expressed in terms of its matrix elements only.

Proposition: P, block diagonalises the matrices Ny, 1 simultaneously, i.e.
(3.10) N,r = P,M, P,

with block diagonal matrices My, 0 < I < 3p —1. The I-th row of P,, mr, is related to the row
corresponding to the vacuum representation, wq, by

(3.11) mp = moMp 1
for all0 <1 <3p—1.

Remark: We will proof these statements, as we calculate now an explicit expression for M, ; in
terms of matrix elements of P,.

Proof: On the one hand we multiply equation (3.1) by (prl)LJ and sum over J:

3p—1
Xiyr = Y (B')n
K,J,R,S=1
3p—1
(3.12) = Y B YW BT Ys .
K,J,S5=1

J R

(Np) 1™ (Po)x® (B, Y)s XR

=(Mp, 1)L
Hence the matrices M,, ; give the decompositions of the products of X; and Y7, into linear com-
binations of Yg for I, L =1...3p— 1.
On the other hand with the relations between the elements of the basis Y (egs. (3.3)-(3.8)) and
equation (3.9) one can calculate the product on the left hand side

(Pp)]AYA for A=1,2
(Pp)IAYA + (Pp)[(A+1)YA+1 + (Pp)I(A+2)YA+2 fOI‘ A :3, 6, 9, e
(PP)I(A—I)YA for A :47 7, 10, e
(Pp)I(A—Q)YA for A :5,8,11,...

(3.13) X;Yu=
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So M, ; is an upper-triangular block diagonal matrix with all but one 3 x 3 blocks and reads

p—1
(314) Mp,[ = Mp,I,O S @ Mp,[,n )
n=1
(Pp)ll 0
M. =
p,1,0 < 0 (Pp)IQ y
(Pp)iiny (Ppian+1)  (Pp)in+2)
Mpin = 0 (Pp)1(3n) 0
0 0 (Pp)1(3n)

Now we still need to show the second half of our proposition. The row mq of the matrix P, is
determined by the fact that the vacuum representation is the unit element of the fusion algebra.
Thus eq. (3.2) tells us that the sum of all idempotents e4 is just the vacuum representation. Eq.
(3.9) for the case of the vacuum, L = €, reads
3p—1
Xo= )Y (ma)*Yk .

K=1

A comparison to eq. (3.2), with the order of the basis Y kept in mind, yields

(3.15) o =(1,1,1,0,0,1,0,0,...,1,0,0) .

One can plug this into eq. (3.1) with X; being the vacuum representation:
3p—1

(3.16) X;=XoX; =Y (m)*ViX;.
K=1

Because of the commutativity of the algebra we can plug eq. (3.12) into eq. (3.16):

3p—1
(3.17) Xr= Y (m)*(M,1)k" YL .
K,L=1 ey
Comparing with the definition of P, (eq. (3.9)) equation (3.11) has been shown. O

What is actually done here is a simultaneous eigen decomposition for the set of matrices N, ;.
This is possible, because they happen to be the structure constants of the algebra in equation
(3.1) and so are related to each other by the properties of this algebra like commutativity. This
enters our proof, as we plug in (3.1) at one point and interchange elements of X.

The eigen decomposition is nicely encoded in eqns. (3.3)-(3.8). Using these relations we can write
the structure constants (N, r) jk in the form of eq. (3.10) and calculate for a column p; of P, that
(318) NpJpJ = PpMpJPp_lpJ = PpMpJeJ
((Pp)IJpJ—l + (PP)I(J—I)pJ) for J :4a 77 107 cee
= ((Pp)1sps—2+ (Pp)rg—2ps) for J=5811,...,
(Pp)rjps else

where e is the J-th element of the canonical basis. Using this result one also finds

(Nps— (P)ryal)’p; = 0 forJ=4,7,10,...

(Npr— (P)ry20)?p; = 0 forJ=5811,...
Thus py, psy1 and pyy2 form a simultaneous three dimensional eigenspace with eigenvalues (Pp);
of the respective matrices N, ; for all 0 <1 <3p—1and J =3,6,9....

It also shows that the matrix P, is a matrix consisting of simultaneous generalised eigenvectors
of the matrices N, ; for all 0 < I < 3p.
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3.2. The Connection between S, , and F,. We now need to calculate the matrix P, of simul-
taneous eigenvectors of the pre-fusion coefficient matrices INp, ;. The bottom of the line is that it
is connected to the matrix S, , from section 2 in much the way the 7-dependent S-matrix S, ()
defined in [FHSTO04] is connected to the corresponding matrix of simultaneous eigenvectors there.
S, (1) is given by the transformation of the characters of irreducible representations, X;rr,(7) (de-
fined by omitting the additional forms in eq. 2.2), under 7 — —1/7 (explicitly given by eq. (3.4)
in [FHSTO04]). To be more precise the modular transformations of these characters are expressed
in the form of 7-dependent matrices,

(3.19) Xirr,p (yr) = Gp(% T)Xirr,p(T) )

and S,(1) = Gp(S,7). The construction of an SL(2,Z) representation with the help of an
automorphy factor j,(v, ) with v € SL(2,Z),

(3.20) p(y) = Jp(7, T)Gp(7, 7)

leads to a 7-independent S-matrix (cf. section 4.3 of [FHSTO04)):

(3.21) S(p) = 5p(S,7)8p(7)

Here we replace the automorphy factor by a conjugation with the matrix Cj.,,(7), so that S(p) =
Cirrp(—=1/7)8,(T)Cirrp ' () and see that it corresponds to a matrix Cp(a) in the same way as
S,(7) corresponds to S, .. But this only partially determines the matrices Cp(«). Through a
longer study of the case p = 2, which is described in appendix C, we find the missing matrix
entries and also get our a-independent S-matrices

(3.22) Sp = Cp()8paCyp(a) ,
which are directly related to the matrices P, analogous to the situation in [FHST04]:
(3.23) P,=S,K,.

The matrices K, turn out to be a simple extension of the corresponding matrices in [FHST04],
which we can extend with ones on the diagonal and zeros for all the additional off-diagonal matrix
elements.

This can be seen following the argumentation of [FHST04] once again. We expect K, to have
the corresponding block diagonal structure because .S, should block diagonalise the pre-fusion
coefficient matrices.

As in [FHSTO04] conditions on K, result from the relation of the two known vacuum rows of S(p)
(eq. (3.31)) and P, (eq. (3.15)), which K}, has to connect. Now the matrix elements, (S(p)1,;)1,3,
of the vacuum row are zero. Thus any element of the third row of a block of K, is multiplied by
zero and does not contribute to the vacuum row of P,. However, this way the other elements are
restricted in the same way as in [FHSTO04].

We set the additional third column in the first two rows of each block to zero. This gives us the
correct result for the vacuum row of P, and also is compatible with our goal to be able to reduce
the whole extended method back to its archetype for products of irreducible representations by
projection on the 2p components of our basis, which represent the irreducible representations, as
we see in the next section. This provides us also with a reason to use the same normalisation for
the four matrix elements of each 3 x 3 block, which this projection leaves behind, and take the
determinant of this 2 x 2 block equal to one. But we also ask the 3 x 3 blocks to have determinant
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one, which fixes the third diagonal element of each block to be one. We are left with

p—1
(3-24) Kp = (KJD)OEB (Kp)s
s=1
L 0
Sp)at
(Kp)O = <( O)Q 1 )
(Sp)a”
2542
GG ~(Sp)e 0
. -1 1
(Kzrr,p)s (SP)Q2L9+1*(SP)QQS+2 (SP)QQSJ,-l 0
k(s), k(s), 1

Two matrix elements per block, k(8); and k(%)5, are left open, which we set to zero, so that the
third row of each block is (0,0, 1).

3.2.1. A Replacement for the Automorphy Factor for v+ = S. Concerning the conformal field
theory we only know that the matrix S(p) (eq. (3.21)) is the one corresponding to the S-
transformation, 7 — —%, which results from the construction of a representation of the modular
group, SL(2,Z), from the modular transformation properties of the characters of the irreducible
representations. To accomplish this an automorphy factor is needed. But an additional interpre-
tation giving a more direct connection to physically relevant quantities or properties would be
favourable. This has been the motivation to find a matrix Cj.y,(7), which almost conjugates2
— we need a small alteration due to the 7 dependence of Cj..p(7) — the two matrices S)p(7)
and S(p) and replaces the automorphy factor. In this way we see S(p) as the matrix giving
the S-transformation of 7-dependent linear combinations, x';..,,(7), of characters, Xirrp(7), of
irreducible representations given by Ciprp(7):

(325) X/irr,p(T) - Ci?”T,p(T)XiT’/‘,p(T) .
With equation (3.19) one gets the S-transformation of x';,,.,(7):

1 1 1
X/irr,p <_7_> = CiTTvI) <_7_> Xirr,p (_T)
1 _
= Cirr,p <_T> Sp(T)Cirr,p 1(7')Cimp(7)Xirr,p(T)

1 _
= C’irr,p (_7_) Sp(T)CiTT,p 1(7—) X,irr,p(T) :

7, (7)

S’,(7) is now set to be equal to S(p). So the matrix Cjy,(7) we are looking for should relate S(p)
and Sp(7) through

(3.26) S(p) = Cirryp <—i> Sy () Cirny (7).

The detailed calculations leading to Cjyyp,(7) are contained in the thesis of HK [Knu06].

Here we just state the result, which we have verified calculating S(p) block by block with eq.
(3.26) and

p—1
Cirr,p(T) = lox2® @ (Cirr,p)s(T) 5
s=1

S+p :P—S S : 8
(3'2‘) (Ci777[7)5( ) p— :p—sS 2p—g .+ s .
2*8 + 172 T 2 - 1*2 7

2Conjugation is always meant in a group theoretical sense — not complex conjugate or suchlike. We say, a matrix
M conjugates two (similar) matrices N1 and Na, if N1 = MNoM™1.
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This matrix only replaces the factor j,(y,7) for the case of v = S. Because j,(7y,7) depends
on 7, the matrix replacing it for other v # S is different from Cj,, (7). Hence other elements
of the representation p(y) are not given by the transformation v of the same linear combination
of characters, x';.,,(7). In other words the interpretation, it yields for S(p), does not hold for
the whole representation p(y). Consequently the matrix Cj..,(7) is of little importance for the
original method of Fuchs et al.. It only gives us the new perspective explained just before eq.
(3.25).

However, for the extension of this method to indecomposable representations this matrix is very
helpful to find the matrix C), connecting the larger S-matrix, Sy, taking the place of S(p) to
the a-dependent S-matrix S, , from section 2. We have seen in section 2 that S, , belongs to a
SL(2,Z) representation Gy o(y) (eq. 2.8). This representation gives the modular transformation
properties of a set of forms x,(a)(7) without any automorphy factor (eq. 2.7). So we get with
the product C’,,Gp,a(*y)C'p_1 another representation of the modular group, which also needs no
automorphy factor — or said in another way, its automorphy factor is the unit matrix. Thus we
can interpret this new representation as the one, which gives directly the modular transformation
properties of the set of linear combinations Cpxp(a)(7).

3.2.2. Substitution of T-Dependent Linear Combinations. We now start to compare the two meth-
ods described in this section and section 2. Some character identities will help to transfer the
7-dependent matrices S,(7) and Cjp(7) into a-dependent matrices. This will reveal the con-
nection between Sy (7) and S, o. We will also use the a-dependent pendant of Cjy,,(7), which we
call Cj(a), to find C), later on.

Lemma: The characters X;_&p and X,_s, given by the matriz elements of B in eq. (2.4) (the
2nd and 3rd row, respectively) and the forms from eq. (A.4) fulfil the equation

. . _ 1. 2 2 _
(3.28) i(s— p)TX;__s’p +1sTXp_sp = —axp_s,p(a) + 5)(;,34, + EXP*S”’ .

Remark: For the two matrices Sp(7) (eq. (3.19) with v = S) and Cjprp(7) (eq. (3.27)) one
observes the following: The only difference in the parts linear in 7 of the pairs of matrix elements
in the same row, of which one is multiplied by X;——s,p and the other with x,_, , in eqns. (3.19)
and (3.25), is a factor of (s — p) in the first and s in the second matrix element. So for 0 < s < p
the constellation given on the left hand side of equation (3.28) appears in the 7-dependent linear
combination of characters all the time. We want to replace this by the right hand side using
2p x (3p — 1) matrices, which are multiplied now by the vector x,(«) (eq. (2.2)) instead of
Xirrp (T) , but give the same result.

Proof: We plug in the characters from equations (2.3) and (2.4) and find that the factors match
in precisely the way to let the dependence on ©,_, and on s drop out.

(6= 007 (- 150y + (00)y1g]) 157 ([0~ )0y (0011

1
- _17—5(6@)17_3717 = (VG)P—&P .

1
1

Equation (A.4) guides the way to insert a zero (one of two we need to insert here):

le 1 1
——(VO)y_5,— —20,_ —20,_
0677( )p—s.p an” P sp Tt an” PSP
1 21 21 21 21
= ——Xp_ ——s50,_ ——(00),_ ——(p—358)0,_sp — ——(00),_
aXp 5’p(a)+ap778 p s,p+ap77( )p s,p+apn(P 8)Op—sp Oépn( )p—s.p

1. 2 2 _
= _aXp—s,p(a) + aXp—s,p + aXp—s,p :
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We start with the matrix S,(7) and write down its partner 2p x (3p — 1) matrix . A column
must be inserted for each form x, () after the columns multiplied by X;:p and x;, for 0 < s <p.
In the elements in the latter two columns the respective factors i(s —p)7 and is7 are both replaced
by 2/a. The added column has to contain —1/«. This way we do the following changes for the
blocks of S, (7):

: _p—J s ] s 21 s 21 1
( %Csl - lTppjssl %Csl + lT%?sl ) - ( Ecsl + 55551 ﬁcsl + 5a5sl _pa58l>

p—s s _p—J p—s . p—s 21 p—s 21 1
Elea+irtiley B2cg —irlsy 7 Pa Gl T paSsl paSsl

The first two rows of the added columns are zero because these rows do not depend on 7. We see
that the matrix we get is just a composition of the a-dependent S-matrix ,S, ,, and a subsequent
projection onto the components of x, (o) belonging to irreducible representations, as it is expected
to be (cf. (2.5)).

More interesting is the application to the matrix Cj.,(7). 2 x 2 blocks on the diagonal get
replaced by 2 x 3 blocks arranged in a diagonal way, i.e. the whole matrix, called C;,m is the direct
sum of a 2 X 2 unit matrix and these blocks.

stp _ {p—s 548 stp , L s 4, 1 1
<2p IQpT 2p+12p7—>_><2p+2pa 2p+2pa 2pa>
Y
T

_ Cp— 2p— — 1 2p— 1 1
o TG T g~y % T ma % I %
(Cp(@)
p—1
(3.29) C;/;(a) =1ox2® @(Czlz)s(a) :
s=1

Now the matrix C},(a) encodes the 7-dependent linear combinations of characters given by Cj;p,
for which S, gives their S-transformation, as 7-independent linear combinations of these characters
and the forms Y p(a). Furthermore we use these linear combinations also in our extended block
diagonalisation method, as we demand the matrices C), to contain the matrix C},(a) in the rows
corresponding to the irreducible representations.

3.2.3. Calculation of P,. For the calculation of P, we need the matrices S, and K,. From the
considerations for p = 2 and p = 3 in appendix C we can directly do the step to arbitrary p. The
following generalisation from Cs(«) (eq. C.16) and Cs(«) (eq. C.17) suggests itself:

p—1
(3.30) Cp(a) = Loxo® @ Cp,s(a) )

s=1

pts , 1 s , 1 _ 1

2p + pa 2p + P 2pa

_ p=s _ 1 2p—s 1 1

CP»S (OJ) - 2p po 2p pa 2pa

pts . 2 2pts , 2 _ 1

p + pa p + po pa

Its inverse is

p—1
Cyl @) = Lo d@PCrs (o),
s=1

2 1 -1
prs_l(a) = -1 0 %
sa+2 (p+s)a+2 —La

We now calculate the a-independent S-matrix, S, block by block using eq. (3.22). With the
blocks of S), o (eq. (2.5)) we have to determine the following expressions:
S(P)oCpi~ (a),
Cp,s(a)s(p)s,o )
Cp,s(a)s(p’ a)s,lc ,lil(a) :
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The block S(p)o, is not touched at all. S(p)o; and S(p)s,0, for 0 < s,1 < p, are also not changed
by the multiplication. And the last product gives

2
(3.31) S(P)si = Cps(@)S(p, )51 Cpi (@) = —=(—1)PFF* x
S p,Ss S \/%
s sl p=l sl s sly _ 1 sl
gcos(7rpl—|— pjln 7Tp)l gcos(ﬂpl plsm(ﬂp)l 0
B2 cos(m)) — E=sin(n)) B2 cos () + o sin(73) 0
2 cos (71'%) + 2sin (77%) 2cos (2l + 2sin (w%) — sin (ﬂ'%)

p—1
(3.32) Ky, = Kpr® @Kpl J
=1
2p3 0
Ko — (V¥ ,
( 0 (i 2p3>
(0P Bey (P B et 0
Ko = (coptt fBsn (c0p 4 [ e+ (p— D)su) 0
0 0 1
The matrices K, and S, determine P, through equation (3.23). Explicitly we get for P,:
P(ploo  P(@ox -+  Pop-
P(p)io  Pphir .- Pip1
(333 P, = . . , Y :
P(p)p-10 P@)p-11 - PP)p-1p-1
1 (p —l)p“p)
P = — :
(P)o,o % (p “p
9 0 (_1)p+l+12511 0
P(p)oy = \/7 (O _2g b 0
p P
1 s (_Jlr)lerlS
Pp)so = —=|p—s (1) (p—9)]|,
2]? 2p 2(_1)S+1p
(—1)54—1% (—1)5""1]% (scslsu — 5slc1l) 0
P(pa)y, = | (D8 (C1"'5 ((p — s)easu + sacu) 0
0 (D" a+sa)su (1P [y

If we plug equation (3.23) into eq. (3.10) the pre-fusion coefficients are given by the ”generalised”
Verlinde formula:

(3.34) Np,] = SprMp,I(Kp)_lsP :

We have now all ingredients to carry through calculations for any value of p in our extension of
the method of Fuchs et. al.. P, is also in the general case invertible because with the invertible
matrix S, o also S, has to be invertible and K, has been constructed as a full rank matrix.

4. PROJECTION OF THE EXTENDED BLOCK DIAGONALISATION METHOD ON IRREDUCIBLE
REPRESENTATIONS

This extension to indecomposable representations reduces in every step by simple projection on
the first two rows and columns of every 2 x 3, 3 x 2 and 3 x 3 block to the original work of Fuchs
et al.. This is also shown in this section in line with the proof that the results for the pre-fusion
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rules of irreducible times irreducible representations are the same in the small and the extended
version. For this task we change the sequence of the representations from the groups of three —
two irreducible and one indecomposable representations — to the following one:

(4.1) (hp], [h12p]s [hia)s [higps1]s [hi2)s [hagpsals .oy [Rip—1]s [h13p—1],
[h17p+1}7 |:h1,p+2} e [hl,Qp—l}

with the indecomposable representations all put to the end. This leads to the permutation of
both rows and columns in the matrices S,, K, P,, M, and finally N, ;. Also the sequence of
the latter two groups of matrices is changed, as the index I is affected by the same permutation.
The reason is the form all these matrices take after the permutation. All the zeros, which we
inserted in some matrices and consequently appeared in other matrices are grouped together with
the indecomposable representations in the last columns.

We introduce the following notation, which tells us that a matrix has some form without specifying
all matrix elements or the size of the matrix. The matrix S, has now the form (cf. eq. (3.31)):

S(p) 0

This states that the box on the upper left contains exactly the matrix S(p) (eq. (3.21)), the box at
the bottom contains the other a priori non-zero elements of S, and on the upper right all matrix
elements are zero. With this notation we give the statement, which we want to proof.

Proposition:  The pre-fusion coefficients matrices, Ny 1, each contain the coefficients of the
“small” pre-fusion algebra, Nip,p 1, calculated in [FHSTO04] for 0 < I < 2p in the following form:

Nirr,p,[ 0

(4.2) Npr =

Remark: We call the matrices, which appear in the ”small” block diagonalisation method (cf.
[FHST04]) and correspond to K, Py, M, ; and N, 1 as defined for the extended one, Kjryp, Pirrp,
My p 1 and Ny p 1, Tespectively.

Proof: The only coefficients of the matrix K, which are different from zero and do not come
from the matrix Kj..,, are the additional diagonal matrix elements. The permutation of rows
and columns leaves them on the diagonal and assembles them in a block, which is equal to the
unit matrix in p — 1 dimensions (cf. eq. (3.24)):

Kirr,p 0
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The matrix P consequently looks like

Pirr,p 0
(4.3) P, = S,K, =

Furthermore we need the form of the inverse of P,. As (K,)~! is the direct sum of (Kj.,,)~! and

the unit matrix, L, _1)x(p—1), we have

(Pirr,p)_l 0

We also note, that the last p — 1 rows of this matrix are equal to those of the S-matrix, ).

We construct the matrices My for 0 < I < 2p in the new sequence. For each block defined
in equation (3.14) (in the sequence of representations we used there) the element (M 1,)13 =
(P,)3"*2 is zero (cf. eq. (3.33)). These zeros are of interest because the permutation to the new
sequence of representations bring them from the 5th, 8th, 11th etc. column, where they are not
on the diagonal, to a new position in the last p — 1 columns and the first 2p rows, which need to
be zero, as we will see next. Hence M), ; appears in the form

Mirr,p,[ 0
(4.5) My, =

We end up with the product (see eqns. (4.3), (4.5) and (4.4)) for 0 < I <2p
Npr = PpMp,I(Pp)_l

Pirr,p 0 MiTT7P7[ 0 (‘Pi””ap)_l 0

which has the form given in eq. (4.2). O

5. EQUIVALENCE OF BOTH APPROACHES

The limit-Verlinde formula, which we have learned about in section 2, expresses the possibility
to simultaneously diagonalise the set of matrices N, (). Unfortunately these are not the matri-
ces of pre-fusion coefficients as in the case of rational conformal field theories. They rather only
become matrices of pre-fusion coefficients after the limit @« — 0 has been taken — to be precise
we can map these pre-fusion coefficients then to the proposed true fusion coefficients in an unam-
biguous way. But still it gives us the possibility to write the equation for the matrix elements of
Ny () (2.9) as

1

(5'1) vaj(a) = SpvaMdiagJ)aa:ISpvai ?
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with Mgiag.p.a,r given by

. ) ) (Spa)lgp_l
Md Wy 7I:d2a-g ) AR | : —_ )
s (Sp.a)s' (Spa)s’ (Spa)s™ "

One can also introduce the matrix Kgiqgpo defined as the diagonal matrix with the reciprocal
value of the elements of the vacuum row of S, , on the diagonal,

. 1 1 1
(5.2) Kjiagp,a = diag ( Yo ) ,

(Sp,oz)fil7 (Sp,a)32 7 (Sp,a)33p_1

which of course commutes in equation (5.1) with the matrices Mgjag p.a,1, because these are also
diagonal. This way we are able to see it parallel to our earlier notation. Myiag p.a,1 is given by
the I-th row of the product Sj o Kgiagp,o and

Np,l(a) = Sp,aKdiag,p,aMdiag,p,a,leiag,p,a_1Sp,a_1 :

This gives a more rounded picture and helps us to show the central theorem of this paper.

Theorem: The pre-fusion coefficients calculated with the limit- Verlinde formula are the same
as the ones calculated with the extended block diagonalisation method:

(5.3) lim N;;* () = (Np.p);" .

a—

Proof: We plug equations (5.1)and (3.34) into eq. (5.3) and have

(5-4) lim (Sp,aMdiag,p,aJSp,a) = SprMp,I(Kp)_ISp :

a—0

We insert two unit matrices on the left hand side of this equation:

Sp.aMdiag,p,a,18p.a = Sp,aEp,aEp,a_lMdiag,p,aJEp,aEp,a_lSp,a
with F), , defined as
(5.5) Epa = Spa” Sp=SpaSy ,
in order to have

-1
(5.6) Sp,aMdiag,p,a,18p,a = SpEp,a Mdiag,p,oz,IEnaSp )

With a block diagonal ansatz one can directly calculate the blocks of E, , with equation (5.5):

p—1
Ep,a = Loxo® @(Ep,a)s
s=1
s _ 2 s _ 2 1
p b p y4e) b
(Ep,oz)s = S(p, a)s,ss(p)s,s = % + pla % + ]% _Z%Oé
2—(p—s)a 2+ sa 0

where we used the blocks from eqns. (2.5) and (3.31).

We are going to show that the product EpyoflMdmg’pa’ 1E, o has a well defined limit for oo — 0.
This is not clear. For the whole term on the right hand side of equation (5.6) this limit is well
defined. They are the coefficients Nijk(oz). But still singular terms in the mentioned product could
drop out through the multiplication of S, from both sides.

We simply calculate first the matrices My;qg,p,a,7- We need to consider the following cases. For I =
1,2 the matrices Myiqq p o, differ by minus signs. There are three more groups to be distinguished,
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which belong each to one row of the 3 x 3 blocks of S, ,. We use again the same abbreviations as
for S, in eq. (2.5).

p—1
(5-7) Mdiag,p,a,[ = (Mdiag,p,a I)o® @ deg,p,a 1)l
=1
_ . _(p 0
I = 172 (Mdzag,p,a,f)o - (0 (_1)Ipp>
22 0 0
+2
(Md' I)l _ (_1)I(p7l) acuo 511 o 0
1ag,p,c, OéC1l+251[
0 0 0
I 0
I= 376a (Mdiag,p,a,I)O = <0 (_1)II>
I+1 lac+2s
(=D S ) ? . 0
(Maiag.p.o.1)t = 0 (—1)Ht e ?
+1s
0 0 (—1) ?ﬁ
_ . _(p—1 0
I = 4, 7; (Mdmg,p,a,[)o - < 0 (_1)[(p o I))
(71)1-1-1 (p—I)Oéj_IZZ—ZSU 0 0
Q€1 T4851]
—I -2
(Maiagp.a,)i = ( 0 (-t "
0 0 (—1)5n
1l
2p
I = 5,8, (Mdzag,p a,])O — (0 (_1)]2p)
<—1)Ip04 (p—l)oéﬁjé—2c11 0 0
acy+2sy;
. _ las 42
(Mdzag,p,a I)l — 0 (_1)I+lpa§illf‘|‘2;ﬁ
0 0 0
For these four cases we can now calculate the product
p—1
(58) a,l = Ep,a_lMdiag,p,a,IE o = (MOKJ)O ©® [(_1)I(Ma,l)l
=1
(Ma,I)O = (Mdiag,p,a,l)o
I = 1,2:
. l1 _ 51 0
(i) aclll+25u Oéclll+251l
— p
MaJ)l - (_1) 0451["12‘2511 ozqz-fl-QSu 0
ap
T oey 281
I = 3,6,9,
_ Cu+2€7511)51z*12)€115u _ ll(fﬁéztfz*cuﬁls) 0
psy(acy+2s psy(acy+2s
(M), = ll(fﬁlllzmgcuﬁ;zl) (112011*21;7511%11*111lc11511 0
)l psy (e +2s1;) ps1 (e +251;)
O 0 _IOzC”+25”

acy+2sq;



ON VERLINDE-LIKE FORMULAS IN ¢p 1 LCFTSs 19

I = 4,7,10,...:
_ ((e=Dlieni—2psp)su+lacusn _b((p=Dsucn+eusn) 0
ps1(acy+2s17) psy(acy+2s17)
(M = L((p—Dsucn+eusn) (p=Dlacn+2psn)sutlicusn 0
@ psy (e +2517) psy(acy+2s17) ( )
_ p—[ aC”—Qﬁjl
0 0 acy+2sq;
I = 5,811,.
_ 2h(entsn)  _ 2L(en+sn) lisp
acy+2s1; acy+2s; acy;+2s1;
(M )= 2la(cri+sn) 2la(cri+sn) __losp
a,l)l acy+2sq; acy+2sq; acy;+2s1;
l3(2—)apsy 32=Dapsyy _ pa2¢n—(ls3—al)spy)
acy+2sq; acy+2sy; acy;+2s1;

with [1 =2+, lo =2 — (p—1l)a and I3 = 2+ (p — [)a. Hence these matrices are well-defined in

the limit of @« — 0 and we can take the limit of Ma, 1 rather than the whole product in equation
(5.6):

(Np,l)jk =5 g}ﬂ% (Ep,ailMdiag,na,IE ,Oc) Sp -
We now continue with the right hand side of equation (5.4) and see that we need to show that

(5-9) KpMp,I(Kp)_l = Clylgb (Ep,a_lMdiagmaJEp,a) :

Therefore we take matrix K, and P, from eqns. (3.32) and (3.33). One can simply read off the
matrices M, ; from the rows of P, (see eq. (3.14)). We plug these matrices into the left hand side
of equation (5.9):

p—1
(5.10) M; = KpM,(K,)™" = (M) & (M),
=1
(MI)O = (Mdiag,p,a,l)o
I = 1,2:
1 1
- —= 0
(Ml)z = (—1)I(P+l) iu iu 0
511 511
0 0 0
I = 3,6,9,...:
_ Uentpsi)su—cusn _ Isycp—cysp 0
R ; ps1;? , ps1?
(M), = (-1) % ( CIZ—PZél)?z—tuﬁu 0
_5n
0 0 o
I = 4,7.10,...:
_ ((p=Den—psn)suteusn _ (=Dsucnteusn 0
- ; o-1) PS11511 (D) P51z)2
M), = (-1 p—l)sycntcusn p—l)enitpsn)sutcusn
(Mp) = (1) PS11511 ps1;? 211
0 0 —ar
I = 5,811,
_2(en+sn)  _ 2(en+sn)  sp
5 s 5
(MI)Z — (—1)1 2(Cu+15111) 2(Cu+15ln) _L
511 511 511
0 0 0

Finally we compare the matrices M; with the respective matrices MOQ 1, which constitute the right
hand side of said equation (5.9), and notice that the limit of the latter matrices for & — 0 yields
the former ones. O
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The precise connection between Mgyjqgp o, and M, and between Kgyqqp o and K, can be
clarified a bit more. We take in eq. (5.9) the matrix K, and its inverse to the other side. As they
do not depend on «, we can take them into the limit.

Mp,l = Clyli% ((Kp)71Ep7a71Mdm9,p,a,1Ep@Kp) :

This gives us already the relation between My;qgp o1 and M, ;, but we want to have the other
one simultaneously, as we look at the Verlinde formula.
K jiag,p,o commutes with Mgyiqgp.q,7- S0 if we insert once the unit matrix, we get

(5.11) My = 01[13%) ((Kp)_lEpa_leiag,pyaMdiag,p,a IKc?zagp a

Epaky) -
We then define the matrix

(5.12) =K !

diag,p,x p,

oKp
This can be easily calculated with equations (5.2), (5.5) and (3.32):

p—1

Fp,a = 1Loxo @@

1

J:
1 (0 20a—2)sy; (aja+2s1;)  (=1)7PH2p (cja + 281)
pTcyQ 0 2((]) ])Oé+2)51] (c19a+251J) (—1)J+p\/2p(c1ja+251j)
1 —2pasyj (cja + 2515) 0

With these matrices we have the following situation derived from the limit-Verlinde formula (eq

(5.1)):

(5.13) Np,l(a) = Spabpa Ep,a_leiag,p,an,a
~——
=5p =Kp

-1 -1 -1 -1 -1
'Fp,a Mdiag,p@,IFp,a Fp,a Kdiag,p,a Ep,a Ep,a Sp,a :

Kp71 =Sp
One finds that the three matrices in the middle have a regular limit

(5'14) Clyli% (Fp,a_lMdiag,p,a,IF ,a) = Mp,I

and has the ”generalised” Verlinde formula for the extended block diagonalisation method.

We have shown in this section, that both approaches including the indecomposable representa-
tions, which we learned about in the sections 2 and 3, give the same pre-fusion rules. Moreover
it becomes also clear at this point that Fuchs et al. found in their work a way to calculate the
pre-fusion rules for irreducible representations in a perhaps mathematically more appealing and
certainly algebraically better motivated way, which are the same as the ones given by the limit-
Verlinde formula. On the other hand the connection to the work of MF provides its CFT-side
motivation, needs less many different matrices and is also easier to calculate. Moreover the limit in
the limit-Verlinde formula has now found its justification through its equality to the ” generalised”
Verlinde formula in our extension of the block diagonalisation method.

6. BPZ-LiKE CLOSED FORMS OF THE FUSION RULES

Finally we want to show the following theorem leading to the pre-fusion algebra of the triplet
Wh-algebra W(2, (2p — 1)®3) in a BLZ-like closed form
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Theorem: The generalised Verlinde formulas in equations (2.9) and (3.34) give the following
decomposition of the fusion products of irreducible and indecomposable representations:

k+1-1
(6.1) gl @pthg] = Y A
m=|k—1|+1
step 2
k+1-1
(6.2) [P1,3p—k] @ [h13p—1] = Z Am
m=|k—1|+1
step 2
k+1-1
(6.3) ikl ©f (higp] = Y T,
m=|k—1|+1
step 2
min(r+s—1, min(p—1+[(p+r+s) mod 2],
—~— 2p—r—s—1) —~— Zpor—e-l)
(64) [hl,gpfr:| Qf [h1,2p+s] = — Z [h1,2p7t:| + Z Pt s
t=|r—s|+1 t=max(1—[(r+s) mod 2],
step 2 s—r+1)
step 2
- p—1+[(p+r) mod 2]
(6.5) |:h1,2p—r:| ®f [h,2p] = Z Pt
t=1—[r mod 2]
step 2
- p—1+[(p+r) mod 2]
(6.6) [hl,Qp—'r] ®f [h1p] = Z Pp—t
t=1—[r mod 2]
step 2
min(r+s—1, rat
o 2p—r—s—1) Z pp_t r>s
(6.7) [hszfr} ®f [hl,pfs] = Z [hl,ert} + t=1—[(r+s) mod 2]
R step 2
step 2 O €l8€
p—1+[(p+r+s) mod 2]
Z Pp—t r+s<p
+ t=r+s+1 ’
step 2
0 else
— — p=1+[(p+r+s) mod 2])
(6.8) |:h172p_7‘:| Qf [h1,2p—5] = 2 Z Pt
t:l—[(r«ts) ) mod 2]
step

with 0 < k,l <pand 0 <r,s <p and

(6.9) — { [h1,m] 0<m<p
[h1,2p—m] + 2 [P1,4p—m] p<m<2p’
(6.10) - { [h1,3p—m] 0<m<p
[himap) +2[hm—p]  P<m<2p’
2[ha,p) t=p
(6.11) Pt = 2 [ha,2] t=0 .

4([hig] +[h1gpee])  O0<t<p

Proof The decompositions of the products of irreducible representations in equations (6.1)-(6.3),
are proven in section 4 to result from the work of Fuchs et al., [FHST04]. There it is shown that
the extended version leads to the same decompositions for these products.
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We bear in mind that the matrices M), ; also fulfil the pre-fusion algebra:

3p—1
(6.12) My My =Y NfyMpy .
K=1

Because the matrix elements (M, )11 are strictly positive, there are no sums of matrices M, 1,
which are equal to the zero matrix. Thus these decompositions of products M, ;M,, ; are unique.
For the fusion product in equation (6.4) we get the product

p—1
My Mipapee) = Boo PF
j=1

_ (2p(p—s) 0
Po = ( 0 2(—1>T+Sp<p—s>>

(D i (e ary) (1)t Rt
0 0
0 0

B =

OO O

We can now compute the sums of matrices M, ; (see (6.12)), which correspond to the proposed
fusion rules, and compare them with this product. Plugging in the corresponding 2 x 2 blocks of
My and M, 1o (eqns. (3.14), (3.33)) for the representations in the decomposition in eq. (6.4)
directly gives Py in all cases, which need to be distinguished.

For the 3 x 3 blocks we also start from the proposed decomposition and add up the corresponding
blocks, M, ;. First of all we notice that we encounter only non-zero matrix elements, where also
B; is different from zero. This is the case for the indecomposable representations, because here
the matrix elements (P(p,a)s);, = 0 for all 0 < 5,1 < p (cf. (3.33)). But also for the three
possible cases of summands, p¢, in equation (6.11) the 3 x 3 blocks of the matrices M, ; have or
add up to have only the matrix element (1, 2) different from zero: The first column of P(p); and
(P(p,a)sp)y; + (P(p;a)si)q are zero. The third column of both P(p)os and P(p,a)sy is only
non-zero in the rows corresponding to the indecomposable representations.

This leaves us for the matrix element (1, 3) with the sum of elements (M, 1 j)1,3 = (—1)PH{ i+t \/gﬁjj,

I =5,8,11,..., corresponding to the indecomposable representations appearing in equation (6.4).
Here we use identity,

min(r+s—1

2p—r—s—1) r+s—1 S5
— __ ~Tr)¥s)
(6.13) > s o= Y s=—
515
I=|r—s|+1 I=|r—s|+1 J
step2 step2

For the first step index relabeling in part of the sum for the case of r +s > p is needed. Expressed
by exponential functions the second step follows from straight forward calculations. We directly
get the matrix element ()1 3.

At last we need to get the matrix element (3;)1,2, which we will treat in more detail, as it is not
so straight forward. From the decomposition in equation (6.4) we get for this element:

min(r+s—1, min(p—1+[(p+r+s) mod 2], ]_ t e 0
2p—r—s—1) 4 2p—r—s—1) 4 '

(6-14) Z 5(_1)'5 (5tj + Ctj)51j — Z Eﬁlj (—1)p+] t =
t:l;;,5|2+1 t:max(l;[_(:isl)) mod 2], 2(_1)tct] O < t < p

step 2
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We add the zero,

4 p—14+[(p+r+s) mod 2]

(6.15) ~(=1)rtetlsy > v = 0,
p t=1—[(r+s) mod 2]
step 2
1 t=0
2¢4; else

and note that (r+ s+ 1) mod 2 =¢ mod 2. So the second half of equation (6.14) and this zero
leaves us with remainders depending on the values of r, s and p, which we simplify as follows:
For the case of r < s we are left with

DO P T ol
. = ¢t
t=1—[(r+s) mod 2] 2Ct‘7 else

and for r + s > p with

>

p—1+[(p+r+s) mod 2] { (_1)j
t=2p—r—s+1

;= s+r—1
p}: Y e

2¢4j else e st 1

The range of the index of these sums then connects directly to the one of the sum in the first half
of equation (6.14), which leads in all cases to the following sum of cosines:

Finally this results in the matrix element (8;)1 2 after applying equation (6.13) to the sums of sy
once more. This proofs the decomposition, eq. (6.4).
For the decompositions, eqns. (6.5) and (6.8), the 2 x 2 blocks are easily checked to be the same
on both sides. The 3 x 3 blocks in these cases are all on both sides zero. For the decompositions
this is seen through equation (6.15).
The associativity of the pre-fusion product determines the decompositions of the pre-fusion prod-
ucts still left open, eqns. (6.6) and (6.7):

[hlzp—r]ﬁ9f[h1m—%i== [hlzp—r}C@f[h12p+k]@9f[h13p—1]
with 0 < k < p. The result immediately follows with two pre-fusion products from our previous
findings:

2 [ha,2] t=p
pt @y [P13p-1] = 2 [hy p) t=0=p, 4,
4([h1gp—t] + [h1p—t]) O0<t<p

|:h1,2p—ti| Qf [higp—1] = — [hl,p—i-t} + Pp—t

O

At this point we can now apply the replacement rules from section 2 to the pre-fusion rules,
equs. (6.1)-(6.8).
Only in the fusion products of two irreducible representations the linear combinations needed
to be replaced are not immediately visible. We have to distinguish two cases. If [ +m in the
products, eqns. (6.1)-(6.3), are smaller or equal p+1, there are only multiplicities of one appearing
in the decomposition, thus no replacements. Otherwise the sum splits into two parts due to the
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distinction of cases in A, and 7, (eqns. (6.9), (6.10)), as for example for (6.1):

2p—k—I1—1 p—1+[(p+k+1) mod 2]
Pkl @plhd] = > [haml+ > [h1,m]
m=|k—1|+1 m=2p—k—1+1
step 2 step 2

k-1
=2 m=pt1-[(p+k+l) mod 2] [11.2p—m]
step 2

k+1-1

+ > ([hl,Qp—m] +2 [h1,4p—m]>

m=p+1+[(p+k+l) mod 2]

step 2
2p—k—1-1 k+1-1
= > Pl gl + > [im]
m=|k—1|+1 m=p+1+[(p+k+!) mod 2]
step 2 step 2

where the underlined terms are defined to only appear for odd k + [ + p. Equation (6.3) works
alike and equation (6.2) is exactly the same. In summary we get:

(6.16) [h1k] @5 [h14] = [P13p—k] @ [h13p-1]
( k+1—-1
> lhm]  1<k+1<p+1

m=|k—1|+1
step 2

2p—k—1—1 k+i—-1 -
[h1p] + Z [R1m] + Z {hl,m} k+1l>p+1

m=|k—1|+1 m=p+1+[(p+k+1) mod 2]
step 2 step 2

k+1—1
Y hspml  1<k+l<p+1

m=|k—1|+1
step 2

2p—k—I1—1 3
(hig] @5 hrsp] = iz + Y [P13p-m]

m=|k—1|+1
step 2

ktHl—1 N} kti>p+l

+ Z |:h1,3p7m

m=p+1+[(p+k+Il) mod 2]
\ step 2

This is in exact correspondence to the fusion rules of irreducible representations of the Virasoro
algebra at ¢ = ¢, 1 proposed by Gaberdiel and Kausch in [GK96a]. Naturally also the fusion
products for p = 2, p = 3 and partially for higher p, which are calculated in the same paper with
their algorithm, are consistent with our result for these fusion products, as well as the following
outcome for all other products, after the replacement has been carried out. For the decompositions
not involving any indecomposable representations before the replacement (eqns. (6.5),(6.6) and
(6.8)) we only deal with p;, which is replaced by

2 [hl,p] t= P
(6.17) Pt~ 271 ,2p) t=0
2o  0<t<p
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In the other cases we find

min(p—1+4[(p+r+s) mod 2],

2p—r—s—1)
(6.18) [hlﬂp—r} Qf [h1,2p+s) = Z Pt 5
t=max(1—[(r+s) mod 2],
s—r+1)
step 2
min(p—1+4[(p+r+s) mod 2],
o 2p—r—s—1)
(6.19) [hl,zpfr} ®f [hip-s] = > Pt
t=max(1—[(r+s) mod 2],
s—r+1)
step 2
with
2[ha,p] t=p
2 [ha 2] t=0
pr = [hmp,t] r—s<t<r+s
2 [fL/L;;t] else ,
[ 2[h1) t=p
2 [h1y) t=0
pr = [hl,ert} r—s<t<r-+s
2 {thH} else .

7. CONCLUSION

In the main part of this paper we have developed an extension of the block diagonalisation
method originally introduced by Fuchs et al. leading to a ”generalised” Verlinde formula. It now
additionally includes the fusion products containing indecomposable representations. It reduces
to its archetype in every step by simple projection on the components representing the irreducible
representations.

The block diagonalisation method finds a (linear) algebraic justification through the parallel to
the semisimple case. It also performs a simultaneous eigen decomposition of matrices of structure
constants of the fusion algebra splitting it into a semisimple algebra and a radical.

The S-matrix, Sp, for the extended block diagonalisation method is calculated from the parameter
dependent S-matrix, S, ., appearing in the limit-Verlinde formula by a change of basis of chiral
vacuum torus amplitudes (cf. eqns. (2.1) and (3.22)). Thus we have found a CFT-side motivation
for this approach because S, gives the S-transformation of the new basis.

We have given a closed form of S, , in eq. (2.5). Although S, , does not diagonalise the fusion
coefficient matrices, it simultaneously diagonalises a set of matrices depending on « as well. In
the limit v — 0 these matrices are in accord with the fusion rules, which are known with respect
to either the triplet algebra or the Virasoro algebra.

We have seen that the pre-fusion rules, which we get from the limit-Verlinde formula or the block
diagonalisation method for c,; models, can not distinguish between indecomposable represen-
tations and certain combinations of irreducible representations. As we discussed in section 2 in
context of the results of the limit-Verlinde formula, this indistinguishability is intrinsic to the
whole calculation on grounds of modular transformations of characters. At that point it was par-
ticularly clear, because the limit « — 0 made the forms used for the calculation of S, linearly
dependent.

Within the in-depth description of this method around the limit-Verlinde formula we have given a
detailed formulation of the replacements needed to compensate these intrinsic effects of the linear
dependence of characters of the relevant representations. We have collected arguments for these
replacements using the quantum numbers of a scaled su(2) subalgebra of the triplet W-algebra
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and unphysical negative coefficients in the decompositions, which are canceled by the replace-
ments.

We have shown that the block diagonalisation method is equivalent to the limit-Verlinde formula:
It gives the same results starting from the same S-matrix, S,,. Moreover every matrix in the
block diagonalisation method meets its counterpart related to the limit-Verlinde formula, as it is
seen in eqns. (5.13) and (5.14).

Through this equivalence the justification of the block diagonalisation method is also true for the
limit-Verlinde formula. Here the matrix of simultaneous eigenvectors of the matrices of pre-fusion
coefficients is equal to Sp o KdiagpaFpa (cf. eq. (5.13)). Furthermore we immediately get the
S-matrix, S, ., for the limit-Verlinde formula from a "more canonical” basis of vacuum torus
amplitudes compared to the blockdiagonalisation method. This basis includes the characters of
irreducible representations, while the change of basis, which leads to the S-matrix of the block
diagonalsiation method, S, mixes these characters. In addition only the S-matrix, S, , is needed
in the limit-Verlinde formula to directly calculate the pre-fusion rules.

We have calculated the explicit BPZ-like forms for the pre-fusion rules, which result from either
of the two methods. As these are not the actual fusion rules for the ¢, models, we have applied
the replacement rules to these expressions as well. Hence we finally got our conjecture, what the
fusion algebra of these models is, in three different forms: At the end of section 2 they are given
by the limit-Verlinde formula and subsequently applied replacement rules, which we cast in the
form of a case differentiation. With the results of section 5 we can replace in this conjecture the
limit-Verlinde formula by the ”generalised” Verlinde formula (eq. (3.34)), which gives the same
results. Finally we provide explicit expressions, which are given by eqns. (6.5), (6.6) and (6.8)
with replacement (6.17), eq. (6.16) and eqns. (6.18)-(6.19).

There are many parallels of the ¢, 1 models to rational conformal field theories with completely
reducible symmetry algebras and thus with semisimple fusion algebras. Most importantly here a
S-matrix can be calculated from a basis of chiral vacuum torus amplitudes and used in a generali-
sation of the Verlinde formula. It provides us with a well-founded proposition for the fusion rules
of the ¢, 1 series, justified by many indications, and gives the — seemingly for higher p — correct
result.

There are several important questions, which our work also approaches.

For which logarithmic conformal field theories do we expect to find a generalisation of the Verlinde
formula? How does it look like? Everything points to the need of a basis of chiral vacuum torus
amplitudes including the characters of irreducible representations. The S-transformation of this
basis then determines the S-matrix. Probably it would again depend on a parameter and for the
limit of this parameter to zero become the set of characters of all irreducible and indecomposable
representations.

Then, of course, the question of a proof of the presented Verlinde-like formulas and the fusion
rules, which follow from them after certain well-defined replacements, suggests itself and is con-
nected to the previous questions. We have seen many similarities to semisimple fusion algebras.
This suggests things to be not so different with or without semisimplicity. Still there is the ob-
stacle of the needed replacements, which need to be better understood.

The Verlinde formula in rational conformal field theories has found deep roots in the algebraic
geometric background of these theories. The work on it has gone far into their rigorous formula-
tions. Our findings here give confidence, that this rigorousness is also what lies ahead of us for
certain logarithmic conformal field theories.

Acknowledgements: We would like to thank Hendrik Adorf for reading the script of this paper
with great care. The work of MF is partially supported by the European Union network HPRN-
CT-2002-00325 (EUCLID).

APPENDIX A. DETAILS ON THE CHOICE INHERENT IN THE FORMS X) ,(«)

In this section details are given on the considerations leading to the linear independent set of
forms representing irreducible and indecomposable representations, which is used in section 2 to
calculate the S-matrix S, 4.
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In this context we have to recall a essential part of the calculation of the partition function of the
¢p,1 models in [Flo96] from the characters of the representations of the triplet algebra: Further
forms have been introduced there to solve the problems arising from the specific modular transfor-
mation properties of these characters. In fact the characters of the indecomposable representations
are split into a sum:

2 _
(A1) Xop = ’ (p = MX5H (@) + K ()]
1 .
K@) = 1Oy +iaA(VO),] |
R— 1 :
Xyp (@) = E[QA,p—la(P—/\)(VG)A,p],

where (VO)) , is

(A.2) (VO)r, = ir(00)r 4 = % log(¢)(90) 5 -

The partition function is given in terms of the characters of irreducible representations and these
forms and stays modular invariant for oz — 0.
Concerning our goal to find a 3p — 1 x 3p — 1 S-matrix for the ¢, models there are now linearly

independent sets of characters of irreducible representations and linear combination of Xz\z;(a)

and Xz\z; («) with (3p—1) elements. What is more, these sets close under modular transformations
of their argument, i.e. any of these 3p—1 forms evaluated at y7, with v € SL(2,7Z), can be written
as a linear combination of the same forms evaluated at .

The possible p — 1 linear combinations of X;i;(a) and XZ\%; (v) are parametrised by € C in the
following way:

(A3) plae) = [ 2= @)+ (- ()]

The results for the fusion rules do not depend on the choice of x. The forms Xy ,(c,z) surely
depends on xz. However, when we insert the forms XZ\Q,; (o) and XZ\%; (a) (eq. (A.1)) into equation
(A.3), it emerges, that it only depends on the product of x and «:

. 1 .
Xopla, ) = E 20 p + 22ia(VO)y ] .

We can redefine « in a convenient way to incorporate x. Because we take the limit o — 0 at the
end, this does not change the results.
For the following # = —i/2 is chosen, which corresponds for p = 2 to the choice made in [Flo97]:

- 717 20, + A(VO)y,)] .

The factor 2/p appears in equation (A.3) in contrast to [Flo97] in order to have a multiplicity
- which a priori may be chosen - of 2 in front of the ©, ,/n term in X ,(a, —i), instead of a
multiplicity of p. The result at the end depends on the choice of the multiplicity. Another multi-
plicity in X ,(c, ) leads qualitatively to the correct fusion rules, but with different multiplicities.
Our choice is the one, for which the forms Yy ,(c) become the characters of the indecomposable
representations for o — 0.

(A4) (@) = Xap(a, —i)

APPENDIX B. FUSION RULES FOR p =2 AND p = 3

In tables 1 and 3 we give the pre-fusion rules resulting from the limit-Verlinde formula — and
thus also from the extended block diagonalisation method — for the c2 1 = —2 and the c31 = -7
models, respectively. The fusion rules, which are the outcome, after the replacement rules around
eq. (2.11) have been applied, are listed in tables 2 and 4.

In the next subsection we go through a few examples of the application of these replacement rules
for p = 3.
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Table 1: Pre-fusion rules for p
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Table 3: Pre-fusion rules for p
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®f [—3] [ 5] [0] [1]
-3 | -3+ 0]

(B | BI+[1] [F3+0

[0] [-3] [ [0]

0 [0] -] om0 [
0] | 2031 +200] 2(Bl+2[~] [ 2[5+ [
-] 1] 0] -3 B+
M I -3] 4] -4
il 2B 2] 22l [ 20E)+ -
o 0] [-3] F
O] | 4[-3]+4[0)

4] [ 20B)+[] [

Hj =il il 0]

1] [4[B)+4[-4] 2031+ [0] 4[-3]+4[0]

Table 4: Fusion rules for p=38

B.1. Demonstration of Replacement Rules for p = 3. The matrix S3, reads
1a 1 o o o o
?r 5;“ 7 7 0 7 7 0
57 —3T 7 7 0 —7 —7 0
Tnr 12 la_ & la & 1z 1a. 2 a2 1
§7’ §7” —§T'—S —§7”—8 519 —§T+S —§7’+8 —158

(B.1) 5 3T —3T —l—As —37 +1§ —58 —3T _1€ —3'—s 3
7 7 -+t —r—5t 0 —F—5t —r+t 0
1a 1a la 2 la 2 1y 1a 2 la, 2 1z
?“ —;r —?r—i-s —;r%—s —153 ?ﬂ—i—s ?’—i-s —153
6" " "S5 ~&" —1"’: 2 6" —1§ [
roo—r —r—=t —rt+35t 0 r— gt r+1 0

with # = v/6/3, § = v/2/(3a) and I = a/2. Eq

. (2.9) then gives pre-fusion rules listed in table 3.

It is worth going through some particular fusion products to see the problems arising through the
ambiguities in the limit o — 0. In this example there are two indecomposable representations

and two corresponding identities of their characters:

1,2.

202G = N0 i

These "translate” to identities of representations, which shall symbolise
1

ness in this calculation:
2 2
Sl - [H]

20+ 2[1] [0] .
Quite typical is the following product:

1

4

7

4
(B.2)

their indistinguishabile-
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1 -1
1 2 2 —2
1 0 0 2
0 1 0 1
0 0 1 1

Table 5: Eigenvalues and eigenvectors of S(2)

1 -1
2 2 1 -1 —1
0 0 1 1 1
1 0 0 1 0
0 1 0 0 1
2 —« 24+« 0 24+« 2 —«

Table 6: Eigenvalues and eigenvectors of Sg o

Here the first identity in eq. (B.2) is used to get the desired result [—ﬂ. Replacements of this
kind are still quite comprehensible. But there are several results for other fusion products like

(B.3) [0] @ 1] =4[0] - [0] +2 [—;] +401] ,

which catch one’s eye because of a disturbing minus sign. But it also contains the latter of the
linear combinations in eq. (B.2) in a sufficiently high multiplicity, so that we can mend this
problem by a calculation on the level of characters. Equation (B.3) then yields

- ~ 1 ~ 1
2[0] = [0] +2|—<|=[0] +2 |-=| .
3 3
This kind of calculation must be done in several fusion products given in table 3. For those

products one finally gets the fusion rules for W-algebra representations, which are listed in table
4 and are consistent with the fusion rules calculated for the Virasoro modules in [GK96a).

ApPPENDIX C. FINDINGS FOR THE CASE p = 2: Sy, Cy(a) AND K>
Here we look at the simplest case, p = 2, and search the matrix Cy(«), for which we will have
(Cl) 52 = CQ(O[)SQ’QCQ_l(OZ) 5

where the matrix S(2) (eq. (3.21)) appears as a block in Sa. The fifth line of S5 is yet undetermined
as well. We write

o O O

(C.2) S, = 5(2)

0
S1 S2 S2 S4 Sj

with s5 # 0. Notice that So — even if known completely — leaves several possible Cy(«) fulfilling
equation (C.1) and a couple of conditions we want to impose on Cy(«) such as block diagonality.
Just looking at p = 2 these matrices will seem equally suitable. We will only be able to single out
a specific Co(ar), when we ask, for which we can find a generalisation to arbitrary p.

A glance on the eigenvalues of the matrices So and S ,, will give first restrictions on the matrix
So.  The eigenvalues and eigenvectors of the different S-matrices for p = 2 are listed in tables
5-8.

Sy and Sy, are both diagonalisable. The former one has a three dimensional eigenspaces for the
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1 -1 S5

2s9—s3 280—84 1—s5 -9 0
s1+s2 s1+s2 s1+s2

_ 2s1+s3 _ 2s51+s3 1—s5 2 O

s1+52 51+82 Ss1+s2 1
1 0 0 0
0 1 U 2 ! +2 0
—289—83—84+251
0 0 1 e 1

Table 7: Eigenvalues and eigenvectors of So for s5 # —1

1 -1
1 2 2 -2 0
1 0 0 2 0
0 1 0 1 0
0 0 1 1 0
4Bty G+ s3+ s sS4+ % + 52 0 1
Table 8: FEigenvalues and eigenvectors of So for s5 = —1 and s; = 23’”‘%‘““

eigenvalue 1 and two one dimensional eigenspace for the eigenvalue —1 and for the eigenvalue ss,
respectively. For the latter one it is not so different. It has eigenvalues 1 and —1 belonging to
eigenspaces with dimensions three and two, respectively.

If now S5 is chosen, so that the fifth eigenvalue — and matrix element — s5 is also —1, the matrices
So and Sy, are diagonalised to the same matrix

100 0 0
010 0 0
(C.3) Dg=]001 0 0
000 -1 0
000 0 -1

But this is only the case, if we also have s; = sa+s3/2+s4/2. Otherwise we get an undiagonalisable
matrix. This is also apparent from fifth component of the forth eigenvector of So for s5 # —1
listed in table 7, which is not defined then.

With this condition and s; = —1 the eigenvectors have the same first four components as the
eigenvectors of the smaller matrix S(2) (compare tables 5 and 8).

To continue to determine Sy we recall the block diagonal form of M, ; in equation (3.14) and that
we have taken K, to be block diagonal in our argumentation in section 3.2, where we fixed K, at
the end taking the simplest choice. So Sy should already block diagonalise the fusion rules. For
this we take the results in table 1, which have been calculated following section 2. Here we only
need the first matrix of fusion coefficients giving the fusion rules for product with [—1/8]:

00220
00220
(C.4) Nai=|100 0 0
01000
2200 0

We impose the following condition:

o O
o O
o O

(C.5) S9N 152 =

SO OO e
SO O e O
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which leads to two restrictions for Ss:
(S2N27152)51 = —2+282+83+S4=O} {53 = 44— sy

(S2N2,152)52 = —2—259=0 Sg = -1

The matrix element s4 is left undetermined by this argument, because with these two conditions
also all other matrices Na 1 take the form as in eq. (C.5), when they are multiplied by Sy from
both sides. At this point our S-matrix looks like

11

? ? 1 1 0

5 3 -1 -1 0
©5) F 3 1 1o

1 _1 _1 1 0

1 1 2 2

1 -1 4—s4 s4 -1

The first two columns of the matrices S> and S, , are the same. The first two rows were anyway
the same from the beginning. This very much militates in favour of a block diagonal Ca(a) apart
from the good reasons there are anyway because its smaller brother Cj..2 (eq. (3.27)) is also
block diagonal.

We now take the matrix Ky from equation (3.24) and our choice of the two matrix elements
kD, = kW, = 0:

4 0 0 00
0 -4 0 00

(C.7) Ky=]0 0 1 1 of,
0 0 -1 30
0 0 0 01

In [Knu06] we also shortly discuss the influence of this choice on s4.

Together with the S-matrix in equation (C.6) we go through the calculations, which are needed
to get to the coefficient matrices and look for a condition on s4. The equations (3.23), (3.14)
and (3.10) lead us via the matrices P and M 1 to the matrices Ny ;. Here we are left with the
argument that the result should agree to the result of MF, which in turn after some replacements
agree with the result of M. Gaberdiel and H. Kausch.

We compare the following results for N from the calculations described:

0 0 2 20 00 2 20
0 0 2 20 00 220
1 0 00 O0l=]100UO0O0
0 1 000 01000
4—5s4 s4 0 0 O 22000

It follows that s4 = 2, which gives also the other fusion coefficients correctly. This also gives some
more "symmetry” to the S-matrix. The elements of the third and fourth column are now the
same modulo minus signs.

We have all matrices, which we need for the extended block diagonalisation method for p = 2.
Still we need to find the matrix Cy(«), which both fulfils equation (C.1) and can be generalised
to arbitrary p.

C.1. Observations about Similar S-Matrices and the Matrix Cz(a). We find a possible
matrix Cp fulfilling eq. (C.1) from the matrices, which diagonalise Sy and Sy ,, to the same
diagonal matrix Dg (see eq. (C.3)) . If these two diagonalising matrices are U; and Us(a),
respectively, we have

(CS) U1_152U1 = DS = Ug(a)_lsQ’aUQ(a) .
This directly gives us a lot of possible matrices Co(a) by rearrangement of equation (C.1).
(Cg) CQ(O[) = U1U2_1(Oé) 5

As the eigenspaces, we are looking at, are two or three dimensional, there are quite a lot of matri-
ces Uy and Usz(«) that meet our needs. Every possible basis of eigenvectors spanning a particular
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eigenspace may be taken as the columns of these matrices. In other words the columns may
be any linear combination of the eigenvectors in one eigenspace listed in tables 6 and 8 for the
matrices Sy, and Sy (with the matrix elements inserted, which we have found now), as long as
they are linearly independent.

First we just state the one possible Cy(«) here, which computes plainly using the listed eigenvec-
tors as columns of U; and Us(«r) and get:

9 7 3,1 1 _1

8 8 2 20 2a 4o

ST S S S SR o

8 8 21 2101 0 2a1 4o

(C.10) Cotl@=10 0 5-53  3-5 m
FE S S S S

51 oy 2T

s 3 1t 373 @

This does not fit our expectations. This matrix does not have the block structure, which our
thoughts about the triples of irreducible and indecomposable representations would suggest. We
also recall that we would like to have a matrix with the first four rows equal to the matrix C%(«)
from equation (3.29).

But how much choice do we actually have for Ca(a)? Or even better, what is the most general
Cs(a), which we get from equation (C.9), and are there others — not in the form of eq. (C.9) —,
that fulfil equation (C.1)? The answers are given by the following linear algebraic statement and
during its proof.

Lemma: Let S, S e M, «n(C) be two diagonalisable matrices, which are diagonalised to the
same matriz. Then they are similar to each other and all matrices C € M, xn(C) fulfilling the
equation

(C.11) cscl=9,

are gwen by the product of a particular C = Cy times a matriz A € Myx,(C), which commutes
with S or S. Conversely any such product fulfils equation (C.11).

Remark: Equation (C.11) can also be defined with the matrices S and S interchanged. But this
does not make a difference, when we go over from C' = C1 A to C~! = A~1C;~!. Note that the
inverse of A commutes with the same matrices as A itself. ~

It is not needed here, but it is one line to see that any two matrices S and S, which are conjugate
through a matrix C' are diagonalised to the same diagonal matrix. If S is diagonalised by P,

PDP ' =S=0SC7!.
S is diagonalised by C~!P to the same diagonal matrix D.
Proof We have already shown the existence, because a particular solution for C' can be retrieved

via the eigenvectors of S and S from equation (C.9), as described above.
Let C and C’ be two matrices, which conjugate S and S as in equation (C.11), so that we have

(C.12) cs = SC,

(C.13) c's = §¢'.

A is defined by A = C~'C’ and C’ = CA is plugged into the last equation:
CAS = SCA.

Now use equation (C.12) on the right hand side to get
CAS = CSA.

Multiplying the inverse of C' shows that A commutes with S. A commutes also with S because
its inverse does. This is directly seen, when one goes through the analogous steps starting with
C = C'"A~! plugged into (C.12) and uses eq. (C.13).

For the backwards direction we need only to multiply equation (C.12) by an arbitrary matrix A,
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which commutes with .S, from the right side. We can interchange those two matrices on the left
hand side and find that C'A conjugates S with S. d

We now need to find all matrices, which commute with S ,. We continue to call them A and
multiply the commutation relation of those two matrices by the matrix Us(«) and its inverse from
opposite sides. We get

Ug_l(a) A UQ(OZ) Uz_l(()é) Sg’a UQ(@) = Ug_l(a)SZa UQ(O{) Ug_l(a) A UQ(OZ) .
We simplify this with the help of equation (C.8).
(C.14) Us (o) AUs(a) Ds = DsUs™Ha) AUs(a) .

Hence we see that A’ := Us~!(a) AUs(a) has to commute with the diagonal matrix Dg (eq.
(C.3)). All matrices A’ having this property are given by

(A1 (A2 Az 0 0
(A)o1 (A2 (A)2s 0 0
A =1 (A)g1 (A3 (433 0 0
0 0 0 (A (A
0 0 0 (AN)sa (A)s5

with arbitrary (A");; for 1 <i,j <3 or 4 <4,j <5, so that the matrix has full rank.
Now we take this together with the definition of A’ beneath equation (C.14) and the lemma to
get via A all possible O gen(a) (eq. (C.9)) from the one particular Co () (eq. (C.10)):

Cthen(Oé) = ngl(a)A e 0271(01) UQ(O[) A Ugfl(a) .

Of course, with so many unknowns the matrix Co gen(cv) gets very lengthy. Now we simply require
that the first four rows of this matrix are equal to the matrix C%(«) from equation (3.29). We
recall that this was justified by the correspondence of T-dependent and a-dependent matrices
described in section 3.2.2. We want to get an extension of Fuchs’ approach, which goes over
to the latter one, when one projects to the irreducible representations. In this case the matrix
Cs(«) should project to C4(«), which corresponds to Cjr2(7), because the projection of Sy
corresponds to S(2).

The fifth row then is the transpose of the following vector.

5 — 5(A)51 — 5(A)ss
—5 + (454 + §(A)55
(C.15) 1+ (53— 5) (A)sa + 5= (A)s5
1— oo (A)sa+ (3 + 55) (A)s5
1 (A)s51 — 15 (A)s5

In analogy to Cj.rp this matrix should be block diagonal. This gives twice the same condition,
which solves to

(A)5a =4 — (A)s5 .

C.2. Generalisation to Arbitrary Values of p. The last unknown, (A’)s5, has been pre-
liminary set to three because of more aesthetic reasons. This way the matrix Cy(«) simplifies
to

10

0 1 0
3042 2 1
Co(a) = “2 az:; T da
0 a—2 3a—2 1
4o 4o 4o
3a+2  ba+2 1
200 200 2a

It seems natural to have (C2)s5 = —1/(2«). Firstly, it fits to the grouping of terms, we have

seen in section 3.2.2. The factors of the 1/a-terms in the last row are twice as large than in the
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first and second row. This is expected because of the double multiplicities in the indecomposable
representation. Also the inverse of this matrix is quite simple

10
0 1 0
CyHa) = 2 1 -1
0 -1 0 3
a+2 3a+2 —«

(C.16)

This is very much in our favour, because we can now guess the inverse of C3(«) with not much
effort. The last row in every block is fixed looking at the result for Cs(«), which it would lead to.
We require once more that the first two rows of both blocks are the blocks of the matrix C4(«).
We get

1 0
0 1 0 0
1
2 1 3
0 -1 0 = 0
_1 o 2
(C.17) Gy (o) = a+2 4a+2 —%a
1
2 1 ~1
0 0 —1 0 :
20+ 2 bHa+2 —%a
Its inverse is
1 0
01 0 0
2 1 1 1 1
3t3s 6§73 “6a
0 3-3: ¢ 3¢ o 0
C3(a) = i, % 7% i
§+$ §+£ 3o 5 1 1 1 1
P 3Ty pe
" ’ 5% 0% &
373 373 "3

This result, C3(«), also determines the matrix S3. This matrix S3 gives the correct fusion rules
through our extended block diagonalisation method.

Another choice of (A4’)55, which we considered, is (A’)s5 = 1. This gives a very similar inverse
of Cy(ar) and we can also guess the inverse of a potential C3(«), but this though similar has not
the required same elements as C4(«). Actually the rows of C%(«) are interchanged and in these
rows the first two columns are exchanged in each block, while in the additional rows there are
also differences of one or the other minus sign. Remarkably, this version gives a S-matrix and
fusion rules, which are qualitatively correct. Only the multiplicities are wrong and turn out to be
fractional.

With Cy(a) and C3(a) we can guess the general matrix Cp(cr), which is given in equation (3.30).
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